Background-Renal insufficiency is associated with increased morbidity and mortality after cardiopulmonary bypass cardiac surgery. B-type natriuretic peptide is a cardiac hormone that enhances glomerular filtration rate and inhibits aldosterone. Cystatin has been shown to be a better endogenous marker of renal function than creatinine. Methods and Results-We performed a double-blinded placebo-controlled proof of concept pilot study in patients (nϭ40) with renal insufficiency preoperatively (defined as an estimated creatinine clearance of Ͻ60 mL/min determined by the Cockroft-Gault formula), undergoing cardiopulmonary bypass cardiac surgery. Patients were randomized to placebo (nϭ20) or IV low dose nesiritide (nϭ20; 0.005 g/Kg/min) for 24 hours started after the induction of anesthesia and before cardiopulmonary bypass. Patients in the nesiritide group had an increase of plasma B-type natriuretic peptide and its second messenger cGMP with a decrease in plasma cystatin levels at the end of the 24-hour infusion. These changes were not observed in the placebo group. There was a significant activation of aldosterone in the placebo group at the end of the 24-hour infusion, but not in the nesiritide group. At 48 and 72 hours, there was a decrease in estimated creatinine clearance and an increase in plasma cystatin as compared with end of the 24-hour infusion in the placebo group. In contrast, renal function was preserved in the nesiritide group with no significant change in estimated creatinine clearance and a trend for plasma cystatin to increase as compared with end of the 24-hour infusion. Conclusion-This proof of concept pilot study supports the conclusion that perioperative administration of low dose nesiritide is biologically active and decreases plasma cystatin in patients with renal insufficiency undergoing cardiopulmonary bypass cardiac surgery. Further studies are warranted to determine whether these physiological observations can be translated into improved clinical outcomes. 
M
ild to moderate renal insufficiency is associated with increased morbidity and mortality postcardiopulmonary bypass (CPB) cardiac surgery. 1 Specifically, there is an increased likelihood of postoperative mechanical renal support, longer length of hospital stay and higher in hospital mortality. 2 The incidence of worsening renal function after cardiac surgery has been reported to range from 5% to 30% with the highest incidence in patients with baseline renal insufficiency, as defined by an estimated creatinine clearance (CrCl) of Ͻ60 mL/min preoperatively. 3 Plasma cystatin and estimated CrCl using the Cockroft-Gault formula have been shown to be better markers for renal function as compared with plasma creatinine. 4 -6 B-type natriuretic peptide (BNP) is a cardiac hormone, which is similar to atrial natriuretic peptide (ANP) but genetically distinct. 7 BNP has natriuretic, diuretic, vasodilating, antiproliferative, lusitropic and aldosterone-inhibiting properties. 8 Specifically, the beneficial renal actions of BNP include increases in renal blood flow and glomerular filtration rate resulting in natriuresis and diuresis. Unlike conventional diuretics which activate aldosterone, BNP inhibits aldosterone despite marked natriuresis and diuresis. 9 Of note, the FDA has recently approved human BNP (nesiritide) for the management of acute decompensated heart failure.
Low dose IV ANP infusion has been shown to improve estimated CrCl in patients post-CPB cardiac surgery. 10 We have shown that BNP has more potent renal actions as compared with ANP attributable to its decreased susceptibility to degradation by the ectoenzyme neutral endopeptidase 24 -11. 11 We have recently reported that nonhypotensive low dose IV nesiritide (0.005 g/kg/min) has renal enhancing actions which were not observed with standard dose nesiritide (2 g/kg bolus followed by infusion at 0.01 g/kg/min) in patients with heart failure and renal dysfunction. 12 To date, the efficacy of IV low dose nesiritide in the prevention of worsening renal insufficiency post-CPB cardiac surgery remains undefined. Therefore, the objectives of the current study were to determine the renal and humoral responses to 24 hours of IV low dose nesiritide infusion started perioperatively after the induction of anesthesia before CPB in patients with pre-existing renal dysfunction undergoing cardiac surgery. Furthermore, we also sought to assess the effects of the 24-hour infusion on renal function at 48 and 72 hours.
Methods

Study Design
This was a double-blind placebo-controlled proof of concept pilot study.
Study Population
Subjects recruited were limited to men and women, aged 18 years and above undergoing CBP cardiac surgery with renal insufficiency preoperatively as defined by having an estimated CrCl of Ͻ60 mL/min determined by the Cockroft-Gault formula. Forty patients were randomized to IV nesiritide or placebo for 24 hours started after induction of anesthesia before cardiopulmonary bypass. Dose of nesiritide infusion was 0.005 g/kg/min without bolus. Patients with cardiogenic shock or hypotension with systolic BP Ͻ90 mm Hg, patients with acute or chronic aortic dissection and patients who are enrolled in other studies that have an effect on the renal function were excluded. All patients gave informed consent, and the study was approved by the Institutional Review Board at our institution.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Measurements
Plasma cystatin, creatinine, BNP, cGMP and aldosterone were measured at baseline before surgery and repeated at the end of the 24-hour infusion and at 48 and 72 hours. Total fluid input and output during the 72 hours study period were recorded. Vital signs such as blood pressure, heart rate and oxygen saturation were also recorded. Plasma cystatin, creatinine, BNP, cGMP and aldosterone were determined by previously established methods. 4, 9 Renal function was determined by plasma cystatin and estimated CrCl determined by the Cockroft-Gault formula. 6 
Sample Size
Our sample size calculation was based on the study by Sezai et al. 10 In that pilot study, the authors demonstrated that the placebo group had a decrease in estimated CrCl of 10 mL/min while the estimated CrCl was preserved in the treatment group. Hence, using a standard deviation of 16 mL/min for the change in estimated CrCl, with 20 patients in each group, we have 80% power to detect a change of estimated CrCl of 10 mL/min or greater in either group. This calculation was based on a paired t test with a significance level of 0.05. Because this is a proof of concept pilot study, the sample size was chosen to detect a change of calculated CrCl of 10 mL/min or greater in either group but not powered to detect a difference in the change of estimated CrCL between groups.
Data Analysis
Continuous measurements are expressed as meanϮSD (median) whereas categorical variables are reported as number (percent). 2 tests or Fisher exact tests were used to compare categorical variables between nesiritide group and placebo group, whereas 2-sample t tests or rank sum tests were used to compare the continuous variables between the 2 groups. Paired t tests or signed rank tests were used to compare within group changes. PϽ0.05 is considered statistically significant.
Results
Participants
We randomized 40 patients to receive nesiritide (nϭ20) or placebo (nϭ20). One patient randomized to the nesiritide group had the cardiac surgery performed off CPB and was excluded from the final analysis. Three patients had immediate postoperative complications during the 24-hour infusion period: 1 with hemorrhage and 2 with sepsis. Two of the 3 patients with immediate postoperative complications were randomized to nesiritide and 1 to placebo. The Data and Safety Monitoring Committee reviewed these events blinded and concluded that they were not study related but that they would affect the renal and humoral function regardless of the randomized therapy. Hence, the 3 patients were excluded from the final analysis, and thus we had nϭ17 in the nesiritide group and nϭ19 in the placebo group.
The baseline characteristics and intraoperative data for the study participants are reported in Tables 1 and 2 respectively. The groups were similar with regards to age, sex, weight, and existing comorbidities such as hypertension, diabetes, heart failure, history of myocardial infarction and preoperative medications except that more patients in the placebo group were taking diuretics before the surgery. The mean left ventricular ejection fraction in both groups was similar and was above 50%. Both groups had significantly reduced renal function as determined by plasma cystatin, plasma creatinine and estimated CrCl. More patients in the placebo group had valvular surgery only as compared to the nesiritide group. There was 1 patient in the nesiritide group who had surgery for ascending aortic aneurysm only. There was a trend for the pump time and cross-clamp time to be longer in the nesiritide group as compared with the placebo group. The lowest systolic and diastolic blood pressure intraoperatively was similar between the 2 groups. Figure 1 A and B illustrates the plasma BNP, plasma cGMP, plasma aldosterone and plasma cystatin levels preoperative (pre-op) and at the end of the 24-hour infusion. The nesiritide group had an increase in both plasma BNP and its second messenger plasma cGMP at the end of the 24-hour infusion whereas there was no significant change in the placebo group. Plasma aldosterone was significantly increased at the end of the 24-hour infusion as compared with pre-op in the placebo group, whereas in the nesiritide group, there was no significant increase in plasma aldosterone. Importantly, plasma cystatin was significantly reduced in the nesiritide group in contrast to the nonsignificant trend for a slight decrease in the placebo group. From a safety stand point, there was no difference in the lowest systolic and diastolic blood pressure during the 24-hour infusion period between the nesiritide and placebo group ( 
Humoral and Renal Responses to the 24-Hour Infusion
Renal and Humoral Function at 48 and 72 Hours
Postoperative Outcomes
The post-op outcomes are reported in Table 3 . Two patients in the nesiritide group and 5 patients in the placebo group had an increase of plasma cystatin of Ն0.3 mg/L at 72 hours. There were 2 patients in the placebo group whereas no patient in the nesiritide group had a decrease of estimated CrCl of Ն10 mL/min at 72 hours. Seven patients in the placebo group required inotropic support for Ͼ48 hours whereas only 2 patients in the nesiritide group required inotropic support for Ͼ48 hours. The mean Intensive Care Unit stay was 2.1 days for the nesiritide group and 2.8 days for the placebo group.
Adverse Events
The adverse events are reported in Table 4 . We have included the 3 patients with immediate post-op complication within the first 24 hours. There were 5 patients with 7 adverse events in the nesiritide group and 3 patients with 4 adverse events in the placebo group. There was 1 in-hospital mortality in the nesiritide group and it was one of the patients who developed sepsis postoperatively. Two patients in the placebo group had hemorrhage post-op and required reoperation. One patient in both groups required dialysis, and similarly 1 patient in each group developed atrial fibrillation post-op. The patient in the nesiritide group who developed atrial fibrillation also had an ischemic stroke. One patient in the nesiritide group developed a transient post-op confusion for 24 hours but recovered without consequence.
Discussion
The objectives of the current study were to define the effects of 24-hour infusion of IV low dose nesiritide infusion at 0.005 g/kg/min started perioperatively after the induction of anesthesia before CPB in patients with pre-existing renal dysfunction undergoing cardiac surgery on renal function at 48 and 72 hours. Furthermore, we also sought to assess the renal and humoral responses to 24 hours of this IV low dose nesiritide infusion. In this proof of concept pilot study, we demonstrated that 24 hours of IV low dose infusion of nesiritide at 0.005 g/kg/min resulted in the preservation of renal function in the nesiritide group at 48 and 72 hours as compared with the end of the 24-hour infusion, whereas in the placebo group, there was a decline in renal function at 48 and 72 hours as compared with the end of the 24-hour infusion. We also determined that this low dose of nesiritide is biologically active with increased plasma BNP and activation of the natriuretic peptide receptor resulting in a significant increase of its second messenger cGMP. Consistent with the aldosterone inhibiting actions of BNP, there was no activation aldosterone in the nesiritide group at the end of the 24-hour infusion in contrast to the placebo group where there was activation of aldosterone. From a safety stand point, the lowest blood pressure during the 24-hour infusion period was similar between the nesiritide group and the placebo group suggesting that this low dose of nesiritide did not result in significant reduction in blood pressure.
The current study confirms and extends our recent report that nonhypotensive low dose nesiritide infusion in patients with congestive heart failure had renal glomerular filtration rate enhancing actions. 12 The current study also suggests that the favorable renal effect is also associated with the suppression of aldosterone which is in contrast to the known aldosterone-stimulating actions of diuretics such as furosemide, which are commonly used in this clinical setting. 13 Recently, the results of the Nesiritide Administered PeriAnesthesia in Patients Undergoing Cardiothoracic Surgery (NAPA) trial were published. 14 The investigators reported that perioperative infusion of nesiritide in patients with left ventricular dysfunction undergoing CABG resulted in preservation of renal function post-op. The dose of nesiritide used in the NAPA study was 0.01 g/kg/min without the bolus of 2 g/kg. The patient population of the NAPA study was distinctly different from the current study. The main inclusion criterion for the NAPA study was an ejection fraction of 40% or less. However in the current study, the main inclusion criterion was a baseline estimated CrCl of 60 mL/min or less. The mean ejection fraction in the current study was above 50%. However, despite the difference in patient population, the NAPA study and the current study suggest that IV nesiritide administered at doses less than the standard dose may have favorable renal effects in patients undergoing cardiac surgery. Because both the NAPA study and our study were unassociated with hypotension with nesiritide, one might speculate that such doses are more renal enhancing as compared with the standard dose of nesiritide with bolus administration preceding the intravenous administration.
BNP has been shown to decrease pulmonary capillary wedge pressure and improve left ventricular relaxation. 8 Sezai et al recently reported that low dose ANP infusion perioperatively, suppressed aldosterone and improved left ventricular remodeling. 15 In the current study, at 72 hours, there was a significant increase in plasma BNP levels in the placebo group and not in the nesiritide group. Plasma BNP has been recognized as a good biomarker for left ventricular function and filling pressure, 16 thus the absence of an increase of BNP in the nesiritide group may suggest favorable left ventricular effects of the nesiritide infusion. This may account for the observation that 7 patients in the placebo group as compared with 2 patients in the nesiritide group required inotropes for Ͼ48 hours post-op. However, it must be stressed that the current pilot study is not powered to asses clinical outcomes and thus further sufficiently powered studies need to be done to confirm these observations.
Limitations of the Study
This is a pilot study and the small number of patients is a limitation. Therefore, further adequately powered studies will be required to determine whether these physiological observations can be translated to improve patient outcomes and to assess the safety of this strategy.
Conclusion
This proof of concept pilot study demonstrated that 24 hours of IV nesiritide at 0.005 g/kg/min is biologically active with the increase in plasma cGMP its second messenger and the suppression of aldosterone. Further studies are needed to demonstrate the clinical benefit and safety of this strategy.
